Complex DNA structures, such as double Holliday junctions and stalled replication forks, arise during DNA replication and DNA repair. Factors processing these intermediates include the endonuclease MUS81, helicases of the RecQ family, and the yeast SNF2 ATPase RAD5 and its Arabidopsis thaliana homolog RAD5A. By testing sensitivity of mutant plants to DNAdamaging agents, we defined the roles of these factors in Arabidopsis. rad5A recq4A and rad5A mus81 double mutants are more sensitive to cross-linking and methylating agents, showing that RAD5A is required for damage-induced DNA repair, independent of MUS81 and RECQ4A. The lethality of the recq4A mus81 double mutant indicates that MUS81 and RECQ4A also define parallel DNA repair pathways. The recq4A/mus81 lethality is suppressed by blocking homologous recombination (HR) through disruption of RAD51C, showing that RECQ4A and MUS81 are required for processing recombination-induced aberrant intermediates during replication. Thus, plants possess at least three different pathways to process DNA repair intermediates. We also examined HR-mediated double-strand break (DSB) repair using recombination substrates with inducible site-specific DSBs: MUS81 and RECQ4A are required for efficient synthesis-dependent strand annealing (SDSA) but only to a small extent for single-strand annealing (SSA). Interestingly, RAD5A plays a significant role in SDSA but not in SSA.
INTRODUCTION
The DNA integrity of living organisms is constantly threatened. DNA damage can be induced by endogenous sources, such as oxidative stress, or by exogenous sources, such as UV radiation and toxic substances. Organisms have developed several DNA repair mechanisms to cope with DNA damage. While some types of DNA damage are primarily repaired by the action of a single, specific repair pathway, most types of damages are repaired by more than one pathway. One type of DNA damage, DNA crosslinks, can be triggered by different agents, including mitomycin C (MMC) and cisplatin (CDDP). MMC mainly forms interstrand cross-links on DNA (Rink et al., 1996) , whereas the structures preferentially formed by CDDP are intrastrand cross-links (Eastman, 1985) . Both agents can also cause, to a minor degree, a wide variety of other kinds of DNA damage. In Saccharomyces cerevisiae, it has been proposed that three different repair mechanisms are involved in repairing intrastrand cross-links: recombination, postreplication repair (PRR), and nucleotide excision repair (Grossmann et al., 2001) .
Sc RAD5, a member of the RAD6 epistasis group, is involved in error-free PRR (Johnson et al., 1992; Xiao et al., 2000) . The rad5 (rev2) mutants of yeast are sensitive to UV light and other DNAdamaging agents (Johnson et al., 1992; Hishida et al., 2009) . RAD5 is a DNA-dependent ATPase of the SNF2 family with a HIRAN and a RING-finger (C3HC4) domain (Bang et al., 1992; Johnson et al., 1992; Iyer et al., 2006) . DNA lesions in a template strand block replication fork progression. At such damaged sites in the genome, cells use a number of PRR mechanisms to complete DNA replication. Thus, PRR guarantees the completion of DNA replication in the presence of DNA damage that blocks replication fork progression. PRR can be divided into two main pathways: bypass repair that is either error prone or error free and another error-free gap-filling pathway that uses a strand invasion mechanism to complement gaps with DNA intermediates (Andersen et al., 2008; Unk et al., 2010) . Both error-free repair pathways depend on different template-switching mechanisms. In yeast, it has been demonstrated that Sc RAD5 physically interacts with different proteins involved in PRR, such as RAD18, an ATPase with a RING finger, and the E2-conjugating enzyme UBC13 (Ulrich and Jentsch, 2000) . When RAD5 recruits the protein complex of UBC13 and MMS2 to DNA (Brusky et al., 2000; Ulrich and Jentsch, 2000) , the error-free pathway of PRR is initiated; this is followed by proliferating cell nuclear antigen (PCNA) polyubiquitination through a Lys-63-linked ubiquitin chain (Hoege et al., 2002; Parker and Ulrich, 2009) . In this process, RAD5 acts as a ubiquitin ligase (E3) due to the C3HC4 motif characteristic for this class of proteins (Johnson et al., 1992) . However, RAD5 also seems to be mechanistically involved in the error-free bypass pathway of PRR by its translocase activity: as a result of a so-called overshoot synthesis, the newly synthesized strand on the undamaged parental strand is further elongated. By regressing the replication fork, a special type of Holliday junction, the chicken foot, is formed, and the two newly synthesized strands anneal to each other. Such a conformation allows the longer strand to serve as a template for synthesizing the blocked strand ( Figure 1A) . Fork regression was recently demonstrated in vitro: RAD5 readily promoted a four-way junction containing moveable homologous arms into a Y-shaped fork (Blastyá k et al., 2007) . Recently, a report was published demonstrating that Sc rad5 mutant lines were defective in restarting stalled replication forks. The RAD5-dependent formation of Holliday junction containing intermediates indicates that RAD5 may coordinate template switch events between sister chromatids at stalled forks together with proteins involved in HR (Minca and Kowalski, 2010) .
Another way to repair DNA damage is the gap-filling/strand invasion mechanism ( Figure 1B ). It has been proposed that gapfilling repair requires homologous recombination (HR) as well as RAD5-mediated PCNA polyubiquitination (Branzei et al., 2008) . It is thought that with RAD51 and other proteins, a gap can be filled by a strand invasion-dependent pathway: the 39-end of the newly synthesized strand can invade and get elongated with the sequence information copied from the homologous region of the undamaged sister chromatid .
The general importance of RAD5 function is highlighted by the fact that there are two RAD5 homologs in humans, SHPRH and HLTF, both of which are tumor suppressor candidates (Motegi et al., 2006 (Motegi et al., , 2008 Unk et al., 2006; MacKay et al., 2009; Unk et al., 2010) . Recently, HLTF has been reported to function in the reversal of blocked replication forks . While many studies on RAD5 have centered on its role in PRR, the function of RAD5 in HR is rather elusive. In yeast rad5 mutants, HR has been found to be altered in different ways depending on the reporter system that is applied (Ahne et al., 1997; Liefshitz et al., 1998; Friedl et al., 2001) . Additionally, yeast RAD5 seems to suppress nonhomologous end-joining (Ahne et al., 1997; Moertl et al., 2008) . Previously, we identified two Arabidopsis thaliana homologs of RAD5, RAD5A (At5g22750) and RAD5B (At5g43530). Both genes are more closely related to each other than to Sc RAD5 and seem to have arisen by a duplication, but only RAD5A is required for DNA repair and HR (Chen et al., 2008) . rad5B mutant lines show no effect compared with wild-type plants neither in sensitivity assays with different DNA-damaging agents nor in HR (Chen et al., 2008) .
However, mutant plants of RAD5A showed high sensitivity to DNA-damaging agents that induce mainly cross-links (MMC and CDDP) or methylate bases (methyl methanesulfonate [MMS] ).
RecQ helicases are also postulated to play a major role in replication fork regression. Mutations in three human RecQ homologs have been shown to cause severe autosomal recessive hereditary diseases, such as Bloom syndrome (BLM), Werner syndrome, and Rothmund-Thomson syndrome that result from biallelic loss-of-function mutations in the genes BLM, WRN, and RECQ4, respectively. All of these syndromes exhibit a set of common characteristics, such as genomic instability and a predisposition to malignant cancers. An elevated sister chromatid exchange rate is a hallmark characteristic in blm fibroblasts and is due to an increased HR frequency (Chaganti et al., 1974; Bohr, 2008; Chu and Hickson, 2009; Vindigni and Hickson, 2009 ). In Arabidopsis, there are seven different RecQ-like genes (Hartung et al., 2000; . At the sequence level, two of them, RECQ4A and RECQ4B, can be considered as putative BLM homologs. Interestingly, knockout of RECQ4A and RECQ4B leads to antagonistic phenotypes. Similar to BLM mutant cells, recq4A mutant cells show elevated sensitivity to DNA-damaging agents and an increased HR frequency compared with the wild type. By contrast, the recq4B mutant is not mutagen sensitive but is strongly impaired in HR (Hartung et al., 2007) .
MUS81 is a highly conserved protein that forms, together with EME1 (also known as MMS4 in S. cerevisiae) (Boddy et al., 2000; Interthal and Heyer, 2000; Chen et al., 2001 ), a highly efficient nuclease complex that can resolve intermediate DNA structures, such as 39-flaps, replication fork structures, displacement loops (D-loops), and nicked Holliday junctions Chen et al., 2001; Kaliraman et al., 2001; Constantinou et al., 2002; Doe et al., 2002; Abraham et al., 2003; Ciccia et al., 2003; Gaillard et al., 2003; Osman et al., 2003; Fricke et al., 2005; Taylor and McGowan, 2008) . Besides a MUS81 homolog, two EME1 (A) If replication stalls at an unrepaired DNA lesion, error-free repair proceeds with overshoot synthesis at the undamaged parental strand. By the regression of the replication fork, a so-called chicken-foot structure is formed, and through a template switch, the newly synthesized sister strands can anneal; therefore, the longer one can function as a template for synthesizing the shorter one. (B) Alternatively, error-free repair proceeds through gap filling/strand invasion, refilling a single-strand gap opposite the damage behind the replication fork. In this case, the gap can be filled by a templateswitching mechanism: the 39-end of the newly synthesized strand can invade the undamaged sister chromatid and use the homologous region of the undamaged sister chromatid as a template.
homologs (EME1A and EME1B) are present in Arabidopsis. We could show that both MUS81/EME1A and MUS81/EME1B exhibit endonucleolytic activity on 39-flap substrates as well as intact and nicked Holliday junctions (Geuting et al., 2009 ). Furthermore, we and others recently identified a strong sensitivity to the genotoxic agents MMC, MMS, and CDDP and to ionizing radiation in mus81 mutant lines Berchowitz et al., 2007) . Additionally, we observed a reduction of HR frequency after inducing genotoxic stress in the mus81 mutant lines . These results indicate a function of MUS81 in HR and probably in resolving intermediates during DNA repair. Furthermore, we showed that recq4A mus81 double mutants exhibited developmental defects and died within about 2 weeks. The growth defect of the recq4A mus81 double mutant is reminiscent of the lethality of mutants of the respective MUS81 and RECQ homologs of budding and fission yeast, SGS1 and RQH1 Doe et al., 2002; Fabre et al., 2002) , indicating a high level of conservation of the somatic RECQ and MUS81 functions as well as the involvement of the two proteins in resolving stalled replication forks through two parallel pathways.
To further define the roles of RAD5A, RECQ4A, and MUS81 in DNA repair and HR, we examined the effects of the rad5A, recq4A, and mus81 mutations in different HR reporter lines and the viability of various double mutants prior to and after their exposure to different DNA-damaging agents.
RESULTS
Role of RAD5A in Cross-Link-and Methylation-Induced DNA Repair in Relation to RECQ4A
We previously demonstrated that rad5A mutants are sensitive to MMS, which methylates DNA bases, as well as to the DNA cross-linking agents MMC and CDDP (Chen et al., 2008) . RecQ helicases have been postulated to be involved in the regression of replication forks in a similar way as RAD5. It was therefore interesting to test whether RECQ4A, which in many ways is the functional equivalent of BLM in humans, is epistatic to RAD5A. recq4A showed a strong sensitivity to both MMS and the intrastrand cross-linking agent CDDP. The mutant lines recq4A-4 and rad5A-2 (Hartung et al., 2007; Chen et al., 2008) were crossed, and the respective rad5A recq4A double mutants were further characterized. These plants were viable and showed no differences from the wild-type phenotype under standard growth conditions. Using two different concentrations for each genotoxin, we examined the sensitivity after 3 weeks of growth on solid GM medium and determined the dry weight of the plantlets in comparison to the wild-type plantlets and plantlets of both single mutants (Figure 2A) . The results were statistically evaluated by t tests (see Supplemental Table 1 online) . Interestingly, the rad5A recq4A double mutants showed hypersensitivity to CDDP: with the treatment of CDDP at a concentration of 5 mM, the plants died shortly after germination, and this effect was more than additive. Interestingly, with MMC treatment (which mainly causes interstrand cross-links in DNA; Iyer and Szybalski, 1963) , we did not detect any effect on the recq4A single mutants. The rad5A recq4A double mutant line displayed no significant difference in dry weight change compared with the rad5A single mutant line. Thus, RAD5A and RECQ4A act through two independent pathways for intrastrand cross-link repair. In addition, only RAD5A is involved in the repair of interstrand cross-links. We also treated the double mutants with another mutagen (MMS) that methylates DNA bases (Lawley, 1989; Beranek, 1990 ). An effect of the single mutant lines could be detected if the MMS concentration was at least 90 ppm. When the rad5A recq4A double mutants were treated with 90 ppm MMS, a strong hypersensitive phenotype was observed, in contrast with the single mutants ( Figure 2A ). Treated with 50 ppm MMS, the double mutants displayed a >80% reduction in dry weight compared with the wild type, whereas the rad5A single mutant line showed a 25% reduction, and the recq4A single mutant showed no sensitivity compared with the wild type. Therefore, RAD5A and RECQ4A act through two independent pathways to repair methylated DNA.
Role of RAD5A in Cross-Link-and Methylation-Induced DNA Repair in Relation to MUS81
The nuclease MUS81 is also involved in resolving aberrant replication intermediates Geuting et al., 2009 ). The mus81 mutant line was characterized as strongly sensitive to both the methylating agent MMS and the crosslinking agent MMC . We generated a double mutant line by crossing mus81-1 and rad5A-2. The rad5A mus81 double mutants were viable and showed no differences from the wild-type controls under standard growth conditions. Treatment with 90 ppm MMS reduced the dry weight of the double mutants to nearly one-fifth of the respective wild-type values ( Figure  2B ). The mus81 mutants also displayed sensitivity to CDDP (Berchowitz et al., 2007) . Treatment with 2.5 mM CDDP reduced the dry weight of the double mutants to one-third of the untreated control values. By contrast, both single mutant lines showed only minor dry weight reductions ( Figure 2B ). Treatment with 1 mg/mL MMC induced a statistically significant additive effect in the rad5A mus81 double mutants in comparison to the single mutants. However, using a higher concentration (3 mg/mL) of MMC, the rad5a single mutant line seemed to be so drastically damaged that we were not able to see an additive effect in the rad5A mus81 double mutant anymore ( Figure 2B ). Notably, the rad5A single mutant line was more sensitive to MMC and CDDP than the mus81 single mutant line, whereas the mus81 mutant line revealed a stronger sensitivity to MMS than the rad5A mutant line ( Figure 2B ). These results (t test performed, P values; see Supplemental Table 1 online) indicate that RAD5A and MUS81 are not epistatic in DNA repair and that they are involved in independent pathways for repairing MMS-, CDDP-, and MMCinduced damages in Arabidopsis.
Roles of RECQ4A and MUS81 in Processing HR-Induced Aberrant Replication Intermediates
Our results indicate that both RECQ4A and MUS81 define RAD5A-independent pathways of DNA repair. Therefore, the obvious question was whether the two proteins share a common pathway or act through different pathways. To address this question, we crossed these two mutants and found that the recq4A mus81 double mutants showed dramatic growth defects . In comparison to the wild type, less than half of the seeds germinated. Most of the homozygous double mutants died early during development (within the first 2 to 3 weeks); very few plants survived longer, and those showed severe growth defects and died after 7 to 8 weeks ( Figure 3B ). These results demonstrate that RECQ4A and MUS81 act in parallel pathways presumably to resolve replication-associated DNA intermediates. If both pathways fail, further replication is massively hindered, and the seedlings will die early.
To analyze whether the intermediate formation responsible for the lethality depends on HR, we crossed the double mutants with rad51C-1 mutants (Bleuyard et al., 2005) . Arabidopsis RAD51C has been shown to play a prominent role in HR (Abe et al., 2005; Bleuyard et al., 2005) . As expected, in the rad51C background, the lethality of the recq4A-4 mus81-1 double mutants was rescued. The resulting triple mutants showed normal vegetative growth ( Figure 3C ), but they were sterile. The meiotic phenotype was (A) and (B) Depicted are the rad5A-2 and recq4A-4 single mutant lines, as well as the rad5A recq4A double mutant line (A) and the mus81-1 single mutant line, as well as the rad5A mus81 double mutant line (B), treated with the cross-linking agents MMC (1 and 3 mg/mL), CDDP (2.5 and 5 mM) or the methylating agent MMS (50 and 90 ppm). The dry weight of treated seedlings was compared with that of untreated ones. The results were obtained from at least three independent experiments. Error bars indicate SD. Asterisks indicate P values from unpaired t tests. P values are given in Supplemental Table 1 online (***P < 0.001, extremely significant; **P = 0.001 to 0.01, very significant; *P = 0.01 to 0.05, significant; P > 0.05, not significant (n.s.). WT, wild type. (C) to (E) Wild type (1), rad5A (2), mus81 (3), rad5A mus81 (4), recq4A (5), and rad5A recq4A (6) Arabidopsis sown on media containing 1 mg/mL MMC (C), 2.5 mM CDDP (D), and 50 ppm MMS (E) after 3 weeks of growth.
attributed to the parental rad51C mutants that were sterile themselves (Bleuyard et al., 2005) . Therefore, HR is responsible for producing replication DNA intermediates that must be removed by RECQ4A, MUS81, or both to allow complete replication.
Analysis of HR-Mediated Double-Strand Break Repair
Aside from their involvement in the resolution of DNA repair intermediates, mutations in RAD5A, MUS81, and RECQ4A all could affect HR in somatic cells, as we have previously demonstrated: the rad5A mutants, as well as the mus81 mutants, exhibited a reduced frequency of intrachromosomal HR after the application of the double-strand break (DSB)-inducing agent bleomycin Chen et al., 2008) , whereas only the recq4A mutants exhibited an increase of somatic HR frequency when no genotoxin was applied (Hartung et al., 2007) .
Unfortunately, the reporter line 651 (Swoboda et al., 1994) , which was applied in the previous studies, did not allow us to conclusively discriminate between different HR pathways. Previously, we demonstrated that, in plants, a genomic DSB can be repaired by at least two HR pathways ( Figures 4A and 4C ): singlestrand annealing (SSA) (Siebert and Puchta, 2002) and gene conversion through synthesis-dependent strand annealing (SDSA) (Puchta, 1998) . In SDSA, DSBs are processed into 39-single-strand overhangs by exonuclease-catalyzed digestion (Mimitou and Symington, 2009) . By forming a D-loop, a free 39-end invades the double-stranded donor; therefore, repair synthesis can occur. After elongation of the 39-end of the acceptor molecule and the disruption of the D-loop, the singlestranded overhangs of the acceptor can anneal, and the sequence of the broken region is restored ( Figure 4C ). The reaction is conservative because no sequence information is lost. By contrast, in the SSA model, a DSB is induced between repetitive sequences. By exonuclease-catalyzed digestion, 39-singlestrand overhangs are produced. The complementary sequences of the overhangs anneal, and a chimeric DNA molecule is formed. The repair is completed by trimming the overhanging sequences or by filling the single-stranded gaps in DNA. The reaction is nonconservative because all information between the repetitive sequences is lost ( Figure 4A ).
Two reporter lines, DGU.US-1 and IU. GUS-8 (Figures 4B and 4D; Orel et al., 2003) , enabling us to discriminate between the two different HR pathways, were crossed into the rad5A, recq4A, or mus81 mutant background (see Supplemental Figure  1 online). Restoration of a b-glucuronidase (GUS) gene in the DGU.US reporter line occurred through the SSA pathway ( Figure  4B ), whereas restoration in the IU.GUS line depended on gene conversion through the SDSA pathway ( Figure 4D ). DSBs were induced at a defined position in the respective reporter substrates by a highly specific meganuclease, I-SceI (Colleaux et al., 1986; Puchta et al., 1993) .
Requirement of RAD5A for Efficient Homologous
Recombination by the SDSA Pathway but Not by the SSA Pathway For IU.GUS, the recombination frequencies were reduced by half in the rad5A mutant background compared with the wildtype control. By contrast, no significant difference was observed between the mutants and the wild-type controls with the DGU. US reporter system. Thus, RAD5A is involved in gene conversion but not in the SSA pathway of HR in somatic plant cells ( Figure 4E ). In contrast with rad5A, a slight reduction of the HR efficiency in the SSA pathway was observed in both the recq4A and the mus81 mutants ( Figures 4F and 4G ). The reduction was less than a third, arguing that other factors might have more prominent roles or that they were able to substitute for the nuclease or for the helicase. Interestingly, a much stronger effect was observed with the SDSA substrate, in which the HR efficiency was reduced to less than half for both single mutants ( Figures 4F and 4G ). This observation clearly indicates that both MUS81 and RECQ4A play important roles in SDSA that cannot be fully complemented by other factors. The result is especially interesting for RECQ4A because this protein is involved in suppressing HR when no DSBs are induced (Bagherieh-Najjar et al., 2005; Hartung et al., 2007) . Thus, RECQ4A seems to have antagonistic functions in HR depending on whether the reaction is initiated by a DSB. Taken together, we conclude that loss of RAD5A, MUS81, or RECQ4A affects HR frequency, demonstrating that each of the three proteins has a specific role in HR. We previously demonstrated that in Arabidopsis, at least one homolog of yeast RAD5, RAD5A, is involved in DNA repair and HR. With the identification of two structural and functional RAD5 homologous proteins in humans (HLTF and SHPRH), it seems likely that basic RAD5 functions are conserved among yeast, plants, and humans, similar to RECQ and MUS81 functions. Interestingly, the relationship between RecQ helicases and RAD5 homologs has not been characterized in detail. RECQ4A appears to be a functional homolog of the human BLM helicase (Hartung et al., 2007) . By generating the recq4A rad5A double mutants, we demonstrated increased sensitivities of the double mutant plants to MMS and CDDP treatments that were more than additive. Therefore, we conclude that RAD5A and RECQ4A act through different DNA repair pathways. This finding was surprising because sensitivity data obtained with MMS treatment Models of the SSA and the SDSA pathway are presented in (A) (SSA) and (C) (SDSA). The HR events are determined with the reporter lines DGU.US-1 (SSA) and IU.GUS-8 (SDSA), which are depicted in (B) and (D). In DGU.US-1, the I-SceI site is flanked by two halves of a GUS gene harboring an overlap of 557 bp. The 59-GUS fragment was fused with a 35S promoter of the cauliflower mosaic virus and the 39-GUS fragment to a NOS terminator. Furthermore, the DGU.US-1 construct harbors a resistance gene for phosphinothricin resistance flanked by a 35S promoter and a 35S terminator (B). In IU.GUS-8, a nonfunctional internal fragment of the GUS gene is arranged in inverted orientation to the GUS gene, in which the I-SceI site is embedded. The IU.GUS-8 construct harbors a hygromycin resistance gene fused with a NOS promoter and a NOS terminator (D). The relative recombination frequency is calculated as the mean value of three independent experiments. Error bars indicate the SD. The recombination frequencies of the rad5A (E), recq4A (F), or mus81 (G) mutant plants are presented in relation to the frequency of the corresponding wild-type (WT) control plants (100%). BAR, phosphinothricin acetyltransferase; hygromycin, hygromycin phosphotransferase; RB, right border; LB, left border; NOS, nopaline synthase.
in yeast indicate that the RAD5 branch of PRR and the yeast RECQ homolog, SGS1, are involved in the same pathway of DNA repair (Karras and Jentsch, 2010) . Thus, either Arabidopsis RECQ4A and yeast SGS1 or the yeast RAD5 homologs might not be functionally equivalent with respect to DNA repair. As in contrast with single homologs in yeast, there are gene families for both kinds of ATPases present in Arabidopsis. Therefore, the expectation of a one-to-one equivalence of proteins between Arabidopsis and yeast might be naive in this respect. In this context, it is especially interesting to note that RECQ4A and SGS1 also differ in their functions in HR (see the following discussion).
CDDP and MMS could be responsible for replication fork blockage in the S phase of the cell cycle, and the ATPases RAD5A and RECQ4A might have nonoverlapping functions in repairing a stalled replication fork. Homologs of both proteins have been shown to regress replication forks (Kanagaraj et al., 2006; Machwe et al., 2006; Ralf et al., 2006; Blastyá k et al., 2007; Kobbe et al., 2009 ). Both single mutant lines showed a high sensitivity to DNA-damaging agents that can cause replication fork stalling. Nevertheless, our data indicate that the two ATPases cannot complement each other; therefore, they seem to target different types of substrates during DNA repair in vivo. Interestingly, recent in vitro analyses indicate that these two ATPases are indeed biochemically different: during the processing of homologous forks by RAD5, no single-stranded intermediates were formed, as revealed by kinetic analysis (Blastyá k et al., 2007) , whereas RecQ helicases displayed single-stranded DNA translocase activity, and, in contrast with RAD5 and HLTF, they could resolve heterologous model forks and catalyze the removal of single-stranded DNA from replication fork-like substrates (Kanagaraj et al., 2006; Unk et al., 2010) .
The structure-specific endonuclease yeast MUS81 can process reversed but not unperturbed replication forks . mus81 mutant lines are sensitive to DNA-damaging agents, such as MMS, camptothecin, hydroxyurea, and UV (Boddy et al., 2000; Interthal and Heyer, 2000; Doe et al., 2002) . These agents cause different types of DNA damage, leading to the arrest or even a collapse of replication forks (Lehmann, 1972; Slater, 1973; Tsao et al., 1993; Tercero and Diffley, 2001) . Because MMC and MMS have an additive effect on the rad5A mus81 double mutants in comparison to the single mutants, RAD5A and MUS81 seem to be involved in parallel pathways of DNA repair.
Because of the lethality of the recq4A mus81 double mutants, it is not possible to perform sensitivity analysis with these plants. Nevertheless, the lethality of the double mutants indicates that the two proteins are involved in parallel repair pathways of replicative DNA damage and cannot complement each other. RecQ homologs of various organisms have been reported to be part of the RTR (for RECQ-TOP3a-RMI1) complex. This complex is able to dissolve recombination intermediates, such as double Holliday junctions (dHJs) (Sharma et al., 2006; Mankouri and Hickson, 2007; Raynard et al., 2008) . Because RECQ4A is part of the RTR complex in Arabidopsis (Hartung et al., 2008) , it is tempting to speculate that as a component of the RTR complex it might act as a disolvase (Wu and Hickson, 2003; Hartung et al., 2008) , whereas MUS81 might act as a resolvase on replicative intermediates that can be processed by both kinds of activities.
Indeed, we were able to suppress the phenotype of the recq4A mus81 double mutant by suppressing HR (by the disruption of RAD51C). It has been reported in yeast (Fabre et al., 2002; Bastin-Shanower et al., 2003) and Drosophila melanogaster (Trowbridge et al., 2007 ) that a mus81/sgs1 or mus81/blm phenotype can be suppressed by a rad51 mutation. Thus, it seems to be a common property for eukaryotes that replication intermediates are regularly processed by the HR machinery into structures receiving the best resolution or dissolution for a successful segregation. However, due to the experimental setup, we cannot discriminate whether the HR-dependent intermediates are processed by both RECQ4A and MUS81 or only by one or the other because either could be sufficient to restore viability.
In contrast with RECQ4A and MUS81, RAD5A seems to be most important for the repair of induced damage, especially cross-link repair induced by MMC and CDDP, because the rad5A single mutant line showed the highest sensitivity compared with either the recq4A or the mus81 single mutant line. RAD5A cannot complement the recq4A mus81 defect, indicating that it is no able to process certain classes of aberrant intermediates that arise during replication. The fact that recq4A mutant lines show a high sensitivity for CDDP but no sensitivity against MMC ( Figure  2A ) can be taken as indication that both chemicals induce at least partially different kinds of DNA damage, and RECQ4A is involved in the repair of a specific subset of damage induced by CDDP.
Thus, RAD5A, MUS81, and RECQ4A do not complement each other, and all of these proteins appear to be required for the processing of different types of aberrant DNA structures during DNA repair in vivo ( Figure 5 ).
RAD5A, RECQ4A, and MUS81 Have Specific Roles in Homologous DSB Repair
Aside from their roles in DNA repair, RAD5A, RECQ4A, and MUS81 are also involved in HR in somatic cells. We previously showed that single mutant lines of each of the three genes exhibited a change of HR frequency in the assay line 651 (Swoboda et al., 1994; Hartung et al., , 2007 Chen et al., 2008) : in an untreated recq4A background, HR frequency increased, whereas it decreased after bleomycin treatment in the mus81 and the rad5A backgrounds. However, because different recombination reactions might lead to the restoration of the marker gene in line 651, from these experiments alone, it was impossible to draw conclusions regarding the mechanism by which the respective factors contribute to HR. To examine this question in more detail, we used two additional HR reporter lines and induced site-specific DSBs with I-SceI. We used the line IU. GUS to determine the efficiency of gene conversion and the line DGU.US for SSA (Orel et al., 2003) (Figures 4B and 4D ). In principle, gene conversion can occur via the SDSA or the DSB repair pathway (Szostak et al., 1983) . We previously demonstrated that in somatic plant cells, the main mechanism of gene conversion is SDSA (Puchta, 1998 (Puchta, , 2005 . Recent results in yeast indicate that, indeed, only a tiny fraction of gene conversions in somatic cells proceed through dHJs (best described by the DSB repair model) and that, in the majority of cases, the conversions proceed through SDSA (Bzymek et al., 2010; Mitchel et al., 2010) . Therefore, the previous findings are in agreement with our conclusion that at least the vast majority of events detected with IU.GUS are indeed due to SDSA. Taken together, our data indicate that RAD5A, RECQ4A, and MUS81 play specific roles in HR.
RAD5A Plays a Significant Role in Gene Conversion
Interestingly, while there was no difference between the rad5A mutant and the wild type when the DGU.US line was used, the recombination frequency in the rad5A mutants was only half of that in the wild-type controls in the IU.GUS line. Because gene conversion is the only perturbed pathway, it would seem improbable that RAD5A affected HR through an indirect mechanism, such as the suppression of nonhomologous end-joining, as previously suggested for yeast (Ahne et al., 1997) . Otherwise, we would also expect a reduced efficiency in the SSA pathway. Thus, RAD5A seems to be involved in a step occurring in SDSA or a similar pathway that results in gene conversion. It is noteworthy that the classical SDSA model and the models used to explain RAD5 action in strand invasion to bypass replication damage by switching template have a row of striking similarities (Branzei et al., 2008; Blastyá k et al., 2010; Unk et al., 2010) . One is tempted to speculate that a break, similar to damaged bases in the parental strand, can be bridged by a gap-filling mechanism. RAD5A might be involved in any of the steps, such as D-loop formation, bridging, and D-loop disruption. Recently, it was demonstrated for yeast that RAD5 is able to act in a replication-independent manner outside of the S phase (Karras and Jentsch, 2010) . Our result showing that RAD5A is involved in repairing nuclease-induced DSBs that are not linked to replication is also in agreement with a role of this protein in HR outside of the S phase. Biochemical studies with different DNA structures as templates might help to further define the role of RAD5A in DSB repair. Additionally, studies on the genetic interaction of RAD5A and other HR factors will shed light on the function of RAD5A in HR.
RECQ4A Plays Multiple Roles in HR
We and others have previously demonstrated that RECQ4A is involved in suppressing recombination in the absence of induced DSBs (Bagherieh-Najjar et al., 2005; Hartung et al., 2007) . It was surprising to find that the SSA and the SDSA-like DSB repair pathway have a minor versus a major reduction of efficiency in the recq4A background compared with the wild-type background. This finding strongly indicates that depending on the recombination pathway, RECQ4A seems to have a row of different and partially antagonistic functions. The recombination suppression by RECQ4A might be related to the suppression of crossovers when recombination intermediates are dissolved by the RTR complex (Wu and Hickson, 2003) . We have previously indicated that in Arabidopsis, RECQ4A, together with TOP3a and RMI1, is part of this complex (Hartung et al., 2008) . Alternatively, suppression could also occur due to disruption of the RAD51-ssDNA filament, an active DNA intermediate structure that promotes HR (Bugreev et al., 2007) .
It has been shown that BLM, as well as SGS1, is involved in double-stranded DNA resection after DSB induction (Gravel et al., 2008; Mimitou and Symington, 2008; Nimonkar et al., 2008; Zhu et al., 2008) . In yeast, it has been suspected that DNA ends of a DSB may initially be engaged by the protein complex harboring the MRE11, RAD50, and XRS2 (NBS1 in humans) proteins. In conjunction with SAE2 (CtIP in humans), the MRX(N) complex initiates limited resection of the broken DNA ends (Lengsfeld et al., 2007; Sartori et al., 2007) . The SGS1 helicase (BLM in humans) and the DNA2 helicase/nuclease or EXO1 are then required for further resection. The minor reduction of HR efficiency detected with the SSA substrate might well be due to lack of the RECQ4A function during resection in our experimental system. Alternatively, RECQ4A might also be involved in reannealing the single-strand ends because some RecQ helicases have been shown to possess annealing activity (Garcia et al., 2004; Cheok et al., 2005; Sharma et al., 2005; Kobbe et al., 2009; Chen and Brill, 2010) .
Indeed, lack of RECQ4A resulted in a stronger decrease in HR efficiency in SDSA than in SSA. In yeast, it has been shown that the SGS1 helicase, as well as TOP3a and RMI1, is probably involved in the resection of 59-ends (Zhu et al., 2008) . Thus, RECQ4A might as well be involved in the resection in Arabidopsis. Although we cannot exclude that specificities of the particular recombination substrates used for the measurements might have an effect, it is conceivable that in Arabidopsis, less resection might be required to proceed the recombination reactions in SSA compared with that in SDSA; however, the evidence in yeast indicates otherwise Symington, 2008, 2009) . Therefore, we propose that RECQ4A might be required for a later step during SDSA. This hypothesis is especially suggestive because a similar finding has been reported for the BLM homolog in D. melanogaster. Studies examining DNA repair following P-element-induced DNA DSBs in blm mutant flies indicate a defective repair in the SDSA pathway (Adams et al., 2003; McVey et al., 2004) . In these blm mutant flies, P-element excision was accompanied by an increase of deletions flanking the P-element donor site. These flanking deletions were suppressed in blm rad51 double mutant flies (McVey et al., 2004) , indicating that BLM functions after RAD51-dependent strand invasion. Thus, the RecQ helicases seem to play a role in resolving recombination intermediates. Taking our data into account, it seems obvious that Arabidopsis RECQ4A may play a similar role as previously postulated for BLM. During SDSA, single-strand invasion results in a D-loop ( Figure 4C ). The 39-end of the broken DNA strand is then used to initiate copying the template DNA. The D-loop structure is subsequently resolved, and the newly synthesized strand reanneals with the adjacent broken DNA end to yield a repair product ( Figure 4C ). For the resolution step, a helicase is required, which has been shown for BLM in vitro (Bachrati et al., 2006) . RECQ4A might be able to resolve this SDSA-specific recombination intermediate.
It is interesting to compare our results to previous experiments performed with HO endonuclease in yeast. In the case of direct repeats, SSA is not altered when SGS1 is deleted, whereas in the case of gene conversion, a significant enhancement is observed in the sgs1 mutant background (Lo et al., 2006) . Thus, SGS1 and RECQ4A deletions seem to have opposite effects on gene conversion, demonstrating (also seen in the previous discussion on MMS sensitivity) that SGS1 and RECQ4A are indeed not bona fide functional equivalents. Studies in chicken DT40 and murine cells indicate that I-SceI-induced gene targeting is reduced in blm knockout cells (Kikuchi et al., 2009; Larocque and Jasin, 2010) . Thus, RECQ4A seems to be more similar to the BLM homolog of animals in this respect.
It is noteworthy that in case of Arabidopsis, the situation might be even more complicated than that in other organisms because the closely related RECQ4B, a second putative BLM homolog, is present in this organism. Because recq4B mutants are not sensitive to DNA-damaging agents, a role of this protein in damage-induced DNA repair can be excluded (Hartung et al., 2007) . It has also been demonstrated that in contrast with the recq4A mutants, the recq4B mutants show no lethal phenotype in the mus81 background . However, because the recq4B mutants show a severe defect in HR (Hartung et al., 2007) , it will be interesting to test the role of this protein in SSA and SDSA.
Arabidopsis MUS81 Has a Significant Role in Processing Intermediates during SDSA The MUS81 protein belongs to the XPF/MUS81 family of nucleases and forms a functional endonuclease complex with its interaction partner, EME1 (Boddy et al., 2000; Interthal and Heyer, 2000; Chen et al., 2001) . Because two EME1 homologs are present in Arabidopsis, there are two functional complexes that are both able to cleave not only 39-flap structures and nicked Holliday junctions but also intact Holliday junctions, although with reduced efficiency (Geuting et al., 2009) . It has been shown that 39-flap structures formed in SSA are efficiently processed by the RAD1/RAD10 heterodimer (Fishman-Lobell and Haber, 1992) , a role also conserved in Arabidopsis (Dubest et al., 2002 (Dubest et al., , 2004 . The slight efficiency reduction in SSA in the Arabidopsis mus81 mutants might suggest that MUS81 could, to a minor extent, be involved in processing 39-flap structures, a property of MUS81 that has been biochemically characterized previously (Geuting et al., 2009) .
The function of MUS81 in resolving dHJs that result in crossovers is well documented in meiotic recombination (Berchowitz et al., 2007; Higgins et al., 2008) . Because, in contrast with meiotic recombination, dHJs are not major products of DSB repair in somatic cells (Bzymek et al., 2010) , the most likely function of MUS81 seems to be an involvement in disrupting the arising D-loop structure after repair synthesis. Because these structures might resemble nicked Holliday junctions, MUS81 might be especially active in processing such structures. Therefore, RAD5A, RECQ4A, and MUS81 might all be required for processing intermediates related to D-loop formation and dissolution during SDSA.
Conclusions
We were able to show that in Arabidopsis at least three different pathways are available to process DNA intermediates that arise during DNA replication and DNA repair defined by the two ATPases, RAD5A and RECQ4A, and the endonuclease MUS81. Interestingly, both RECQ4A and MUS81 are also involved in DSB-induced HR in somatic cells via single-strand annealing and gene conversion, whereas RAD5A is required for gene conversion only.
METHODS

Strains
The rad5A-2 (SALK_047150), recq4A-4 (GABI_203C07), and mus81-1 (GABI_113F11) mutant lines have been previously described (Hartung et al., , 2007 Chen et al., 2008) . All T-DNA mutant lines are in Columbia-0 background. To generate the rad5A-2 mus81-1 and the rad5A-2 recq4A-4 double mutants, respective homozygous plants were crossed, and the homozygous double mutants were identified in the F2 progeny by PCR (Hartung et al., 2007; Chen et al., 2008) . The rad51C-1 mutant line (Salk_021960) has been described previously (Abe et al., 2005; Bleuyard et al., 2005) . Because the homozygous rad51C mutant line is sterile, we used heterozygous plants for crossing. The seeds from the F2 generation of the recq4A mus81 double mutants (described in and the recq4A mus81 rad51C triple mutants were sown on agar plates containing GM to visualize early lethal phenotypes and on substrate containing 1:1 Floraton 3 (Floragard) and Vermiculit (Deutsche Vermiculite; Dä mmstoffe) for cultivation in the greenhouse.
The rad5A-2, recq4A-4, mus81-1, and the rad51C-1 T-DNA insertion lines were obtained in the public T-DNA Express database established by the Salk Institute Genomic Analysis Laboratory accessible from the SIGnAL website at http://signal.salk.edu (Alonso et al., 2003) . The rad5A-2 (Salk_047150) and the rad51C (Salk_021960) mutant lines derived from the SALK-T-DNA collection, and the recq4A-4 (GABI_203C07) and the mus81-1 (GABI_113F11) mutant lines were from the GABI collection (Rosso et al., 2003) .
Analysis of Recombination in Arabidopsis thaliana Using the DGU.US and IU.GUS Reporter Lines
The Arabidopsis plants used for the SSA and SDSA recombination assay have to be heterozygous for both the reporter construct and the I-SceIexpressing construct in a homozygous mutant or a respective wild-type background. To obtain such plants, we first crossed the reporter lines (Orel et al., 2003) and an I-SceI expressing line with the respective mutant lines independently. The I-SceI expression line was transformed with the plasmid pPZP221 (Hajdukiewicz et al., 1994 ) containing a gentamycin resistance cassette (with a double 35S promoter and a 35S terminator) and the artificial I-SceI open reading frame optimized for plant expression (Puchta et al., 1993) fused to a 35S promoter and an octopin terminator. In the F2 generation, plants homozygous for the I-SceI-expressing or the reporter construct in the respective mutant or the corresponding wildtype background were identified by PCR. Plants homozygous for either the I-SceI-expressing construct or the respective reporter construct in either the respective homozygous mutant background or the corresponding wild-type background were propagated. As a final step, these reporter substrates were crossed with the I-SceI-expressing line, either in the mutant or the corresponding wild-type background. In the next generation, all seeds were heterozygous for both the I-SceI-expressing line and the reporter line (see Supplemental Figure 1 online). These seeds were then sown out on Petri dishes containing solid GM medium supplemented with the according antibiotics to exclude plantlets from self-fertilization from the mother line (which was always the I-SceI-expressing line). The DGU.US reporter line contains a PPT resistance marker; the IU.GUS line contains a hygromycin resistance marker. After 2 weeks, plantlets were histochemically stained as described by Swoboda et al. (1994) . Destaining of leaf pigments with 70% ethanol facilitated the following analysis of recombination events by counting blue sectors under a binocular.
Genotoxicity Assays
Seeds of Arabidopsis were sterilized in 70% ethanol followed by 6% sodium hypochlorite for 5 min and rinsed several times with sterile water. Plants were grown in chambers at 228C under white light (16 h light/8 h dark). For genotoxicity tests, sterilized seeds were spread onto fresh solid germination medium (4.9 g/L Murashige and Skoog medium [micro and macro elements including vitamins and MES buffer; Duchefa], 10 g/L saccharose, adjusted to pH 5.7, and 7.5 g/L plant agar) containing different genotoxins (MMS and CDDP, SigmaAldrich; MMC and bleomycin, Duchefa). After 21 d, the effects of the individual genotoxins on plant growth were evaluated. The plants were dried overnight, and the dry weight of treated seedlings was compared with that of untreated controls.
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